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ESTIMATION OF THE OPTICAL TURBULENCE (C2
N) AND SEEING FROM
MM5 DATA IN PARANAL/ARMAZONES SITE
O. Cuevas1,2
RESUMEN
El modelo meteorol´ ogico MM5 se ha testeado como una buena herramienta de pron´ ostico de variables meteo-
rol´ ogicas en el norte de Chile. Conﬁgurando el MM5 en alta resoluci´ on horizontal, vertical y temporal se
probaron dos modelos para estimar el perﬁl vertical de la turbulencia ´ optica (C2
n) y seeing en Paranal y
Armazones. El modelo AFGL (M1) y el modelo de Masciadri (M2) calculan la estructura vertical de C2
n usando
en sus ecuaciones par´ ametros meteorol´ ogicos como la magnitud del viento, temperatura, presi´ on, humedad,
temperatura potencial y TKE. Se probaron diferentes parametrizaciones de los procesos f´ ısicos atmosf´ ericos
en el modelo MM5, donde la parametrizaci´ on de capa l´ ımite Gayno-Seaman y el m´ etodo M2 tienen el mejor
resultado. Estos resultados fueron comparados con los datos registrados en las campa˜ nas de medici´ on en
Paranal entre noviembre y diciembre de 2007, donde se usaron simult´ aneamente los instrumentos SCIDAR y
DIMM midiendo C2
n y seeing. Los resultados muestran que el C2
n simulado tiene muy buena correspondencia
en casi todo el perﬁl comparado con las mediciones de SCIDAR, pero cerca de la superﬁcie la diferencia es alta,
porque los instrumentos toman en cuenta la turbulencia provocada por los ediﬁcios de los telescopios, y cerca
del suelo el modelo MM5 tiene errores sistem´ aticos. En Paranal el RMSE de seeing en promedio sobre 12 d´ ıas
es 0.45 arcsec y en Armazones el RMSE de seeing promedio es 0.19 arcsec.
ABSTRACT
MM5 meteorological model was tested that is a good tool to estimate and forecast the meteorological variables
in astronomical sites in the north of Chile. Conﬁguring the MM5 in high horizontal, vertical and temporarily
resolution we tested two models to estimate the vertical proﬁle of the optical turbulence (C2
n) and seeing
in Paranal and Armazones sites. AFGL model (M1) and Masciadri’s model (M2) are methods to estimate
the vertical structure of the C2
n using meteorological parameters like wind magnitude, temperature, pressure,
humidity, potential temperature and TKE in his equations. We tested diﬀerent parameterizations for the
atmospherical physics processes in the MM5 model, where Gayno-Seaman parameterization of the boundary
layer and the M2 method have the best results. These results were compared with a measurement campaign
developed in Paranal between November and December of 2007 where using simultaneously two instruments,
SCIDAR and DIMM, to measurement the C2
n and seeing. The results shows that the C2
n simulated proﬁle
have very good correspondence in almost all proﬁle compared with SCIDAR measurements, but near of the
ground the diﬀerence is big, because the instruments take in account also the turbulence provoked by telescopes
buildings and near of the ground the MM5 model have systematic errors. In Paranal the RMSE average seeing
over 12 days is 0.45 arcsec and in Armazones the RMSE average seeing is 0.19 arcsec.
Key Words: atmospheric eﬀects — site testing — turbulence
1. INTRODUCTION
For the astronomical observatories in special for
the new generations of the big and complex tele-
scopes is very important knows of the optical tur-
bulence (C2
n) proﬁle and seeing. At the last years
instruments were development to measurement this
astronomical-atmospheric parameters, DIMM, SCI-
DAR and MASS are standard optical tools that
1Grupo de Astrometeorolog´ ıa, Universidad de Valpara´ ıso,
Gran Breta˜ na 1111, Valpara´ ıso, Chile (omar.cuevas@uv.cl).
2Ludwig-Maximilian-Universit¨ at (LMU), Munich, Ger-
many.
could using diﬀerent techniques, measurement the
C2
n proﬁle and seeing. This paper shows the rele-
vant results of the simulation of C2
n and seeing us-
ing data from the MM5 mesoscale meteorological
model applied in Paranal an Armazones site, com-
pared with the measurement from a campaign de-
veloped in Paranal and the data from site testing in
Armazones.
Two models to obtain the C2
n proﬁle were com-
pared, ﬁrst one is used in Mauna Kea Weather Cen-
ter in Hawaii (Businger et al. 2002). AFGL model
(Dewan et al. 1993) obtain the C2
n proﬁle based in
16©
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the Tatarski’s equation:
C2
n = 2.8M2L
4
3 , (1)
where
M2 =
￿￿
79 × 10−6P
T2
￿￿
∂T
∂z
+ γ
￿￿
, (2)
where P is the pressure, T is the air temperature
and γ is the dry adiabatic lapse rate. To obtain L
(outer scale) Dewan et al. (1993) propose apply the
next rule:
Ri = N2/S2 < 0.25, (3)
where Ri is the Richardson number, N is the buoy-
ancy frequency and S is the vector vertical shear of
the horizontal velocity deﬁned as:
S =
"￿
∂u
∂z
￿2 ￿
∂v
∂z
￿2# 1
2
, (4)
where u and v are the zonal and meridional wind
component. Then they take data from radiosonde
with information every 300 m and using a statistical
model found L
troposphere : Y = 157 + 40Sraw , (5)
stratosphere : Y = 0.503 + 51.2Sraw . (6)
Finally the model is:
C2
n = 2.8(0.1)
4
3M210Y . (7)
The equation (7) (M1) is the optical turbulence in
function of meteorological parameters, like a pres-
sure, air temperature and gradient of shear from hor-
izontal wind.
A second method to obtain the C2
n is propose by
Masciadri & Jabouille (2001) and is based on the
Glastone’s law:
C2
n =
￿
80 × 10−6P
θ2
￿
C2
θ , (8)
where P is the pressure, θ the potential temperature
and the temperature ﬂuctuation in the path L:
C2
θ = 0.59L
4
3
￿
∂θ
∂z
￿
φ, (9)
where φ is a thermal and dynamic stability in the
atmosphere with estimated value of 0.78. L can be
express in function of potential temperature θ and
turbulent kinetic energy (TKE) by the next relation:
L =
s
2E
g∂θ
θ∂z
, (10)
where E is the TKE and g is the gravity accelera-
tion. Replacing the equation (10) in equation (9) we
obtain:
C2
θ = 0.20θ
2
3
￿
∂θ
∂z
￿ 4
3
E2 . (11)
The equation (11) is the temperature ﬂuctuation
(C2
θ) in function of the TKE. Then we replacing in
equation (8)
C2
n = 3.35 × 106P2(1 −
2R
cp
)θ
−10
3
￿
∂θ
∂z
￿ 4
3
E
2
3 . (12)
The equation (12) (M2) is the optical turbulence in
function of meteorologic parameters like the pres-
sure, potential temperature and TKE.
To obtain the seeing that represent the quality of
the image in the telescope, we need obtain the Fried
number r0 by vertical integration of the refractive
index structure coeﬃcient C2
n along the optical path
L:
r0 =
"
0.423
￿
2π
λ
￿2 Z L
0
C2
n(z)d(z)
# −3
5
, (13)
where λ is the wavelength at which the telescope
observing (0.5 µm). Then the seeing have the next
relation
φ = 0.98
λ
r0
. (14)
Finally we have two models (M1: equation 7 and
M2: equation 12) which ones could be to obtain
the optical turbulence and seeing by meteorologic
variables, it will be extracted form MM5 mesoscale
model adapted to Paranal and Armazones sites.
2. METHODS AND DATA
To obtain the data for the models M1 and M2 we
implement the MM5 meteorological mesoscale model
for Paranal and Armazones sites. The MM5 model
was tested like a very good tool to simulate the at-
mosphere in the Los Andes mountain like Macn in
Argentina (E-ELT site testing) (Cuevas et al. 2008)
and the north of Chile (TMT site testing) (Cuevas
et al. 2009). The MM5 was conﬁgured with 4 do-
mains with the next horizontal resolutions mesh:
D1=27 km, D2=9 km, D3=3 km and D4=1 km.
In the vertical the model was conﬁgured with 80
sigma levels for every domain until 100 hPa and
with high time resolution every 10 minutes output.
For the boundary conditions we tested 3 sources of©
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Fig. 1. C
2
n mean proﬁle (Nov-Dec). The solid line is
SCIDAR proﬁle and circles are the variability. Dash line
is MM5/M2 and plus are the variability.
data: ERA40 analysis from ECMWRF3, GFS4 oper-
ational and FNL5 (Analysis) from NCEP6/NCAR7.
The MM5 have the option to choose parameteriza-
tions of the physic process in the atmosphere, in
this case we compare two parameterizations of the
boundary layer, ETA and Gayno-Seaman (Cheru-
bini et al. 2007), boot calculate TKE from Mellor-
Yamada8. Also the model started to run at 18 UTC
of the before day because this help to stabilize the
dynamic interpolation in the model and six hours
after the quality of the data are better.
In November and December of 2007 in Paranal
developed an optical turbulence and seeing measure-
ment campaign using SCIDAR instrument that mea-
surement the C2
n in 300 meters layers, also using
a DIMM instrument to measurement the seeing9.
Over Armazones the data of seeing is from a DIMM
instrument, measurement by TMT site testing cam-
paign.
3. RESULTS
Two conﬁgurations of the MM5 model was tested
using two diﬀerent planetary boundary layer param-
eterization that calculate TKE. The meteorological
3European Centre for Medium-Range Weather Forecasts
(http://www.ecmwf.int/).
4Global Forecast System (ftp://ftpprd.ncep.noaa.gov/
pub/data/nccf/com/gfs/prod/).
5Final Analysis GFS (http://dss.ucar.edu/datasets/
ds083.2/).
6National Centers for Environmental Prediction
7National Center for Atmospheric Research
8http://www.mmm.ucar.edu/mm5/.
9http://www.eso.org/gen-fac/pubs/astclim/paranal/
asm/scidar/Cute-SCIDAR-Results-Nov-Dec07.htm.
00 01 02 03 04 05 06 07 08 09 10
0
0.5
1
1.5
2
2.5
3
S
e
e
i
n
g
 
(
a
r
c
s
e
c
)
Seeing at 2007−12−17 nigth Paranal
 
 
DIMM
SCIDAR
MM5/M2
00 01 02 03 04 05 06 07 08 09 10
0
0.5
1
1.5
2
2.5
3
Hours (UTC)
S
e
e
i
n
g
 
(
a
r
c
s
e
c
)
Seeing at 2007−12−21 nigth Armazones
 
 
DIMM
MM5/M2
Fig. 2. Nocturnal Seeing. Top is the MM5/M2 in
Paranal, bottom is MM5/M2 in Armazones.
data in horizontal, vertical and temporally high res-
olution was using in the models M1 and M2 to es-
timate the C2
n and seeing. The C2
n proﬁle simulated
(Figure 3) show correspondence with proﬁle of SCI-
DAR in the free atmosphere (over 4000 m.a.s.l.),
three zones of high values of C2
n show the SCIDAR
proﬁle, in aprox. 7000 m, 11000 m and 13000 m,
where the last one is the Jet Stream zone. The sim-
ulated proﬁle of C2
n show this zones but the values
are minor than the measurement and the variability
is always minor than the variability of the SCIDAR
proﬁle. Also this show that the synoptic patterns
(Jet Stream or instabilities) have inﬂuence in the C2
n
distribution that is in addition of the turbulence near
of the surface, this zone is where the performance of
the model have deﬁciency, the systematic error of
the MM5 model also the resolution of the orography
provoke errors in the surface variables. The model
show a turbulent layer very close of the ground, dif-
ferent of the SCIDAR proﬁle that shows a turbulent
layer distributed between 2600 to 4000 m.
For the seeing estimation case, the M1 and M2
models was tested and compared whit 2 instruments,
Paranal: DIMM and SCIDAR; Armazones: DIMM.
The data shows a good correspondence, like the Fig-
ure 2 where the MM5 model follow the tendency of
the seeing with both instruments. In the Paranal
case of the 17-12-2007 (Figure 2 top) the MM5/M2
shows a ﬁrst part of the night with low seeing close
of the SCIDAR instrument, the second part of the
nigth the model up the seeing values close a DIMM
instrument and show a similarly tendency. The dif-
ference between the ﬁrst part and second part of the©
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Fig. 3. Nocturnal Seeing mean error. Top is the
MM5/M2, bottom is MM5/M1, both for Paranal and
Armazones.
TABLE 1
MEAN SEEING ERROR BETWEEN NOV-DEC
Mod/Inst Paranal Armazones
M1/DIMM 0.49 0.61
M2/DIMM 0.48 0.19
M1/SCIDAR 0.45
M2/SCIDAR 0.46
night shows that the MM5 model have the capacity
to reactions of the changes of the weather in Paranal.
We must considerer that the November and Decem-
ber start the Altiplanic Winter that to contribute
bad weather in the north of Chile where the atmo-
spheric instability could be present on the night and
could have changes in short time. For Armazones
(Figure 2 bottom) the seeing is very low and stable
in general in all nights studied and the model MM5
also shows very good correspondence on every night.
The case of the 21-12-2007 is a very quiet and low
seeing night, where the MM5 model also have the
capacity of simulate in good conditions for the as-
tronomy. The ﬁgure 3 show a seeing mean night be-
tween November and December where the M2 model
is better in Armazones and also in Paranal compared
with DIMM, but is more variable using M1.
4. CONCLUSIONS
This work shows the principal results of the es-
timation of the optical turbulence C2
n and seeing in
Paranal and Armazones using two models for the es-
timation of the C2
n proﬁle based in meteorological
variables. The MM5 meteorological model was con-
ﬁgured in high resolution to obtain the input vari-
ables used in M1 and M2 methods. The result show
that the use of the Gayno-Seaman parameterization
of the boundary layer is the best option to calculate
TKE for M2 and this method have the best results
to obtain C2
n and seeing. The Table 1 shows that
in Armazones and Paranal M2/DIMM have low er-
rors, although between M1 and M2 in Paranal the
diﬀerence is small, in Armazones these diﬀerence is
important.
We found that the use of the TKE is much bet-
ter than the wind shear to estimate local turbulence
and C2
n, both in high vertical resolution where in
Armazones to present very lows errors. The absence
of the telescope building in Armazones doing much
realistic the simulations than the Paranal because
the turbulence provoked by the building the MM5
can not estimate it. The Altiplanic Winter like syn-
optic pattern could be aﬀect the local weather, and
the MM5 in some cases can to estimate this changes
reﬂected int the C2
n and seeing.
These results incentives the use of the mesoscale
meteorological models like MM5/WRF, to esti-
mate astrometeorological and astroclimatological
variables very important for the development and
operation of the observatories and the new genera-
tion of the big telescopes.
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